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ABSTRACT 

We present deep ultraviolet observations of a field containing the cluster Abell 2246 
(z=0.225) which provide far-ultraviolet (FUV) images of some of the faintest galaxies yet 
observed in that bandpass. Abell 2246 lies within the field of view of Ultraviolet Imaging 
Telescope (UIT) observations of the quasar HS 1700+64, which accumulated over 7100 sec- 
onds of UIT FUV exposure time during the Astro-2 mission in March 1995. For objects found 
on both the FUV and ground-based V-band images, we obtain FUV (A ~ 1520A) photome- 
try and V-band photometry, as well as mid-UV (A ~ 2490A) photometry from UIT Astro- 1 
observations and ground-based I-band photometry. We find five objects in the images which 
are probably galaxies at the distance of Abell 2246, with FUV magnitudes (m(FUV)) be- 
tween 18.6 and 19.6, and V magnitudes between 18.4 and 19.6. We find that their absolute 
FUV fluxes and colors imply strongly that they are luminous galaxies with significant current 
star formation, as well as some relatively recent, but not current, (>400 Myr ago) star for- 
mation. We interpret the colors of these five objects by comparing them with local objects, 
redshift-corrected template spectra and stellar population models, finding that they are plausi- 
bly matched by 10-Gyr-old population models with decaying star formation, with decay time 
constants in the range 3 Gyr < r < 5 Gyr, with an additional color component from a single 
burst of moderate (~400-500 Myr) age. From derived FUV luminosities we compute current 
star formation rates. We compare the UV properties of Abell 2246 with those of the Coma 
cluster, finding that Abell 2246 has significantly more recent star formation, consistent with 
the Butcher- Oemler phenomenon. 

Subject headings: galaxies: clusters: individual (Abell 2246); ultraviolet emission 
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1. Introduction 

UV images of local galaxies provide unique direct ev- 
idence about the morphology and quantitative nature of 
recent star formation, while UV images of objects at mod- 
erate redshifts (z up to ~0.3) extend the limits of direct 
knowledge of massive star formation back to more remote 



times. The darkness of the UV sky (O'Connell 1987) fur- 



ther enhances observational prospects in this waveband. 
However, deep UV images of such objects are rare be- 
cause of the dearth of instruments with sufficient resolu- 
tion and sensitivity. In this paper we discuss deep observa- 
tions including photometry in the far UV ('-^1520A; FUV) 
and mid UV (-2490A; MUV) by the Ultraviolet Imag- 
ing Telescop e (UIT) of a field which contains the cluster 
Abell 2246 (|Abell 1958|). Abell 2246 is only lighdy ob- 



scured by Galactic foreground reddening (E(B-V)=0.03) 
but has nevertheless attracted few published observations. 
Cluster center, angular size, richness, and luminosity func- 
tion data for Abell 2246 used here are from Hoessel, Gunn 



& Schneider 1983, [Hoessel & Schneider 1985| and Struble 
& Rood 1987. With a distance of 900 Mpc and a look- 
back time of 1.2 Gyr (based on z=0.225, for qo = 0.1 and 
Ho = 75 km s^^ Mpc^^, adopted for this paper) galaxies 
in Abell 2246 are among the most distant and faintest yet 
observed in the far ultraviolet. They provide an important 
stepping stone to understanding observations of more dis- 
tant objects in longer-wavelength bands. 

2. Observations and Data Reduction 

Figure |l] shows the UIT FUV image, the UIT MUV im- 
age, and the V-band image, co-aligned and with the same 
scale, produced as described in the rest of this section. 
North and East, and a 1' bar, are shown. Sources which are 
identified in this work as galaxies at the distance of Abell 
2246 are outlined by circles and numbered as in Table |} 
Other nonstellar sources found on both images including 
apparent foreground galaxies and the quasar HS1700H-64, 
are outlined by squares. 

2.1. Ultraviolet Images 

The UIT images are approximately centered on the 
quasar HS1700H-64, which was a high priority target for 
the Hopkins Ultraviolet Telescope (HUT) science pro- 
gram. It was observed during two orbits during Decem- 
ber 1990 by the Astro- 1 ultraviolet instruments, and seven 
orbits during March 1995 by Astro-2. The quasar, at 
z=2.743, was utilized as the background UV source for the 
measurement of pavidsen et al. 1996 of the Hell opacity 



in the intergalactic medium. UIT and the Wisconsin Ul- 
traviolet Photometer- Polarimeter Experiment (WUPPE; 
Nordsieck et al. 1991) were co-pointed with HUT for 
these observations. 

UIT's intensified film cameras obtained a total of 7 
MUV exposures and 23 FUV exposures of a 40' diameter 
field surrounding the quasar, with exposure times rang- 
ing from 6 to 1947 seconds during the Astro missions. 
Astro- 1 exposures of this field were made early in the mis- 
sion. They have have stellar full width at half-maximum 
(FWHM) ^A" , reflecting the image quality obtained be- 
fore nominal pointing performance was achieved. How- 
ever, the Astro-2 images are more typical of UIT data, hav- 
ing stellar- PSFs with FWHM --3". During Asti'o 2, nine 
images were made through UIT's broadest-band FUV fil- 
ter, known as "B 1 ", which has effective wavelength for flat 
spectra 1521 A, bandwidth 354A, and is blocked against 
Lya skyglow. Five of these images with individual expo- 
sure times of more than ~1000 seconds are used in this 
study. No MUV images are available from the Astro- 
2 mission. Individual exposures used here are listed in 
Table ^ UIT film images are digitized, linearized, flat 
fielded, and absolutely calibrated. The calibration and re- 
duction procedures, combined with UIT's image intensi- 
fiers, which eliminate reciprocity failure, produce linear, 
high-precision photometric data with typical calibration 
uncertainties of order 15% for well-exposed sources. De- 
tails of UIT hardware, calibration, operations, and data re- 



duction are in Stecher et al. 1992 and Stecher et al. 1997 



The FUV images listed in Table |I] were converted to 
intensity units using the FLIGHT22 calibration constants 
and processing ( Stecher et al. 1997| ). The images were 
resampled in software to the astrometry of the single ex- 
posure UIT FUV2366, and added to create a "stacked" 
image with a total exposure time of 7152 seconds. Co- 
alignment of the individual exposures was based on the 
standard astrometric solutions derived for UIT images us- 
ing HST guide stars as fiducials ( [Lasker ef a/. 1989 ). Typi- 
cal positional errors resulting from this procedure, includ- 
ing image distortion residuals after correction (Greason 
et al. 1994), are 3-4", confirmed for these images by the 
measured FWHM of ~3.5" for stars on the stacked im- 
age. Since the measured and expected astrometric align- 
ment errors are only slightly larger than nominal single- 
exposure UIT values, no additional alignment procedures 
were performed. The central 1024x 1024 pixel (~20') of 
the stacked image, which encloses both the cluster diame- 
ter of 18' and the field of view of our groundbased images, 
was extracted and used as the primary FUV dataset. 

Quantitative experience with the photometric proper- 
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Fig. 1. — (a) The UIT FUV image, the field of view is 20' across. North, East, and a 1' bar, are noted. Sources identified 
here as galaxies at the distance of Abell 2246 are outlined by circles; other nonstellar sources found on both images including 
apparent foreground galaxies and the quasar HS 1700+46 are outlined by squares. Source numbers refer to Table |3j 
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Fig. |l]. — (b) The UIT MUV image, co-aligned and with the same scale as the FUV image; the field of view is 20' across. 
North, East, and a 1' bar, are noted. Sources identified here as galaxies at the distance of Abell 2246 are outlined by circles; 
other nonstellar sources found on both images including apparent foreground galaxies and the quasar HS 1700+46 are outlined 
by squares. Source numbers refer to Table |^. 
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Table 1 
UIT Images 



Image# 


Field Center 


Exp. Time 


Obs. Epoch 


Filter 


Flight 




RA (2000.0) DEC 


(sec) 


(GMT) 







FUV2015 


17 00 45.1 +64 13 09. 


974. 


3/05/95 


00:15 


Bl 


Astro-2 


FUV2074 


17 00 45.1 +64 13 09. 


1210. 


3/06/95 


00:34 


Bl 


Astro-2 


FUV2257 


17 00 45.1 +64 13 09. 


1460. 


3/08/95 


01:21 


Bl 


Astro-2 


FUV2260 


17 00 45.1 +64 13 09. 


1560. 


3/08/95 


02:50 


Bl 


Astro-2 


FUV2366 


17 00 45.1 +64 13 09. 


1946. 


3/10/95 


00:30 


Bl 


Astro-2 


NUV0176 


17 00 36.7 +64 13 42. 


745. 


12/06/90 


05:26 


Al 


Astro- 1 



ties of deep co-added photographic images is limited, so 
we have made a detailed study of the noise and calibration 
characteristics of the stacked image. The noise charac- 
teristics of single UIT images as determined from mea- 
surements of flat fields are well defined, and are quantified 
by the UI T "FFVAR" functio n in the UIT data reduction 
package (Stecher et al. 1997). A "variance image" was 
created by summing the variances computed by FFVAR 
for each pixel of each of the exposures used to create the 
stacked image. The stacked image's noise characteristics 
were also computed directly by measuring pixel-to-pixel 
variations on the image itself. We compare the results 
of these noise determinations to similar quantities derived 
from a single deep exposure (FUV2366) in the "stack". 
Table ^ illustrates these results. The square root of the ex- 
posure time ratio between the stacked image and the single 
image is 1.91. The measured noise at sky levels {"cfsky") 
obtained by measuring pixel-to-pixel variations on the im- 
ages themselves, is 2.06 times larger for the single image 
than for the stacked image. In comparison the ratio of sig- 
mas {"(tffvar") computed from from the FFVAR func- 
tion, 

CrFFVAR(FUV2366)/CTFFVAR (STACK) = 1.65. 

The low measured sky noise, smaller than the expo- 
sure time ratio predicts and smaller than the calculated 
value, is probably due to smoothing induced by misalign- 
ments among the component exposures of the stacked im- 
age, over both fixed-pattern noise and faint sources. The 
real improvement in signal-to-noise achieved by stacking 
is smaller than the exposure time ratio predicts, since the 
photon statistics implied by scaling with exposure time are 
a best-case limit for photographic film detection and are 
appropriate only for well-exposed UIT pixels. 



The absolute calibration of the stacked image was ver- 
ified by comparing the flux measured in the image for 
the quasar HS 1700+64 with that obtained simultaneously 
by HUT ( jDavidsen et al. 1996 ). The stacked image's 
FUV flux for the quasar, measured in an aperture with di- 
ameter 20" and sky-subtracted, agrees within 6.5% with 
the HUT sky-subtracted spectrum (kindly supplied by G. 
Kriss) made through a similar aperture, integrated over the 
UIT Bl bandpass. This difference is typical of compar- 
isons of UIT's absolute calibration with other instruments; 
when verified in this way, we estimate UIT's absolute cal- 
ibration uncertainty to be ^10%. 

The mid-UV (MUV) image used in this study, from a 
single exposure of 745 seconds, was converted to intensity 
units using the FLIGHT 15 calibration constants and pro- 
cessing developed for Astro 1 ( Stecher ef fl/. 1997) and re- 
sampled in software to the astrometry of image FUV2366. 
The resolution of this image as determined by the stellar 
PSF FWHM is --4" compared to the usual MUV image 
value of 2.7" for images with nominal pointing quality. 
Because die bandwidth of the MUV "Al" filter is 3.24 
times that of the "B 1" filter, and because of a known, quan- 
tified decrease in UIT sensitivity for long exposures dur- 
ing the Astro-2 mission, the expected sensitivity limit of 
the MUV image is only 0.4 magnitudes brighter than that 
of the stacked FUV image. However, the MUV image is 
"confusion limited" at magnitude m(MUV)~20.0 due to 
the high density of noise spikes and the high frequency of 
spurious sources against the sky background. For this rea- 
son we do not accept the presence of a source on the MUV 
image as sufficient confirmation for detection, and include 
as sources only objects that appear on both the FUV and 
the V-band images. 
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Table 2 

Noise Characteristics of Stacked Images 



FUV2366 Stacked Image 



Exp. Time 

^Exp. time ratio 
crsKY (erg (cm^A s) 
(JFFVAR (erg (cm^A s) 



1946. 

3.3x10-18 
5.1x10-18 



7152. 
1.91 

1.6x10-18 
3.1x10-18 



No independent check of MUV absolute calibration for 
this image is available because no simultaneous MUV ob- 
servations of the quasar HS 1700+64 were made and no 
suitable lUE comparison sources are present in the UIT 
field of view. For such cases we estimate the uncertainty 
in the UIT absolute calibration to be ^15%. 

2.2. Optical-band Images 

The optical-band images, originally obtained in the 
course of a program to investigate star formation in Abell 
clusters, were made with the KPNO 0.9m telescope on 
1994 July 9 using the the 2048 x 2048 T2KA CCD, which 
has 0.68" pixels. The 23' field was centered at RA=17''^ 
01" 14.7^DEC=64° 11'45.1" (J2000.0). 

The standard UVBRI filter set was used to make broad- 
band images for photometry of cluster members; those 
with blue colors (B-V < 0.8) were selected as candi- 
dates for later WIYN/HYDRA spectroscopy. Poor seeing 
caused the stellar FWHM in the Abell 2246 exposures to 
be 2.6". 

V- and I-band images are used in this work. The total 
exposure times for V-band and I-band images were each 
2700 sec, with three 900-sec exposures combined to pro- 
duce the final images. Data were calibrated by comparing 
data from images of M92 made during the same night with 
published magnitudes. 

2.3. Source Detection and Photometry 

The V-band image was used as a guide to locating 
galaxies in the field. First, non-stellar sources were found 
by eye on the logarithmically stretched V-band image. The 
locations of V-band objects on the the stacked FUV image 
were then searched by eye for sources within ^A" . Appar- 
ent FUV sources were confirmed and located by centroid- 
ing (that is, by computing the flux-weighted mean posi- 



tion). Data are in Table ||, which includes positions, the 
distance ("Dist.") from the nominal cluster center in ar- 
cminutes, magnitudes in the UIT FUV (A 1520) and MUV 
(A 2490) filters, and V and I magnitudes. Seven FUV 
sources (Nos. 1-7 in Table |[) corresponding to V-band 
sources were located using this procedure. 

In addition, the automated extended-source detection 



and photometry package FOCAS (Valdes 1982) was run 
on the stacked image for comparison. FOCAS detected 
a total of 79 sources including stellar ones, but did not 
find sources 4,6, and 7 in Table ^ probably because they 
are diffuse. Subsequent inspection of the V-band image 
at the locations of FOCAS-found FUV sources confirmed 
6 additional objects, numbered 8-13 in Table ^. Of these 
only source 8 appears non-stellar on the V-band image. All 
13 sources on the stacked FUV image were also found by 
eye on the MUV image. Observed positions, magnitudes, 
and V-band appearance are given in the Table. 

Aperture photometry was performed on the images as 
follows; slightly different techniques were used for the UV 
and optical bands. For the UV images, a center pixel for 
each source was chosen, either by centroiding the source 
or, when centroiding failed, using the peak pixel. Aper- 
ture photometry in a circular aperture with radius 3.4" (11 
kpc at z=0.225) was performed centered at that pixel loca- 
tion. A local sky was subtracted, measured using the mean 
sky value in an annulus between radii of 22 and 33", after 
removal of outliers. (A mean sky value is used for UIT 
images because the nonlinear density-to-intensity conver- 
sion produces a skewed pixel value histogram which does 
not lend itself to mode or median statistical techniques.) 
The variance in the UIT fluxes was computed convention- 
ally, treating the source pixels as individual measurements 
of different quantities, and the sky pixels as individual and 
independent measurements of a single quantity. Because 
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Fig. (c) The CTIO V image, the field of view is 20' across. North, East, and a 1' bar, are noted. Sources identified 
here as galaxies at the distance of Abell 2246 are outlined by circles; other nonstellar sources found on both images including 
apparent foreground galaxies and the quasar HS 1700+46 are outlined by squares. Source numbers refer to Table [sj 
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Table 3 
Photometric Results ^ 



Source 


Position 


Dist.'' 


m(FUV)'= 


m(MUV)'* 


ye 


P 


Notes^ 


# 


RA (2000.0) DEC 




mag 


mag 


mag 


mag 




1 


17 02 08.6 +64 12 20.1 


9.2 


18.27±0.14 


18.44±0.16 


16.66 


16.53 


FG 


2 


17 01 00.5 +64 12 8.9 


1.9 


17.12±0.10 


17.75±0.16 


16.32 


16.86 


QSO 


3 


17 01 06.3+64 14 5.0 


2.8 


18.85±0.21 


19.04±0.17 


18.41 


18.73 


E,S? 


4 


17 00 38.0 +64 13 46.9 


1.2 


19.35±0.33 


19.51±0.20 


18.38 


18.37 


FG 


5 


17 00 31.4 +6414 42.6 


2.4 


18.61±0.17 


19.11±0.17 


18.61 


18.97 


E,S? 


6 


17 00 35.3+64 15 21.1 


2.8 


19.62±0.43 


19.86±0.23 


18.97 


18.99 


E? 


7 


16 59 31.8 +64 11 20.1 


8.0 


18.99±0.23 


19.45±0.19 


18.67 


18.96 


E? 


8 


17 00 54.6 +64 04 3.5 


8.7 


19.43±0.34 


19.90±0.25 


19.63 


19.79 


E,S? 


9 


17 00 34.4 +64 04 45.7 


8.0 


19.72±0.48 


19.08±0.17 


15.98 


16.41 


* 


10 


17 00 31.7 +64 07 58.5 


4.9 


19.72±0.47 


21.67±1.03 


21.11 


19.34 


7 


11 


17 01 15.0 +64 17 0.6 


5.5 


19.34±0.31 


20.10±0.27 


19.00 


18.11 


* 


12 


17 00 38.7 +64 22 14.9 


9.5 


21.17±1.26 


21.19±0.69 


17.76 


18.17 


7 


13 


17 00 24.1 +64 03 19.4 


9.6 


19.71±0.47 


23.09±3.94 


19.63 


17.86 


* 



"^Not corrected for foreground extinction 
''From nominal cluster center 

^=1520 A 
<^2490 A 

''Uncertainty, dominated by standard star measurements, is 0.05 mag 

^From appearance on V-band image: FG=foreground galaxy; QSO=quasar; E=elliptical galaxy; S=spiral galaxy; *=star 
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photographic noise increases rapidly at small signals, sky 
measurement dominates the UV flux uncertainties. There- 
fore the random uncertainties in flux units for all sources 
in each UV band are approximately equal (^1.6x10^^^ 
erg (cm^ A s) ~ ^ in the FUV, corresponding to a source of 
m(FUV)- 20.9; and -7x10-^* erg (cm^A s) in the 
MUV corresponding to m(MUV)~ 21.8). Uncertainties 
shown in Table ^ for the FUV and MUV magnitudes in- 
clude random error computed in this way as well as ab- 
solute calibration uncertainties of 10% in the FUV and 
15% in the MUV. For the optical-band images standard 
FOCAS aperture photometry procedures, including sky 
determination and subtraction, were used, with aperture 
sizes matched to those used in the UV. Photometric un- 
certainties in the optical-band data are dominated by the 
reference-star uncertainties, which we estimate at 5%. 

3. Discussion 

AbeU 2246, centered at RA=17'' 00™ 44^ DEC=64° 
12.7 ' (J2000.0) wifli a diameter of 18', is completely con- 
tained within the extracted UIT sub-images centered on 
HS1700H-64 as well as within the optical-band images. 
The objects 3,5,6,7, and 8 in Table || are likely member 
galaxies of Abell 2246 from several lines of argument. 
First, they appear non-stellar on the V- and I-band images, 
with sizes corresponding to linear extents of a few tens of 
kpc at z=0.225. Second, their foreground- and redshift- 
corrected (FUV-V) colors, in the range -0.36 to H-0.49, are 
similar to those of well-known local, bright star-forming 
galaxies (see Figure |^ and Table Q where derived FUV 
absolute magnitudes, UV colors, and star formation rates 
for these five galaxies are presented.). Third, their UV 
luminosities, if they are at the Abell 2246 distance, are 
approximately those of nearby UV-luminous galaxies. 

Redshifts are necessary to confirm certainly that these 
five objects are not foreground galaxies. However two 
points very much strengthen the case for this. From 
the UIT data compiled by Fanelli et al. 1998, the vast 



majority of field candidates, with "normal" FUV fluxes 
(M(FUV)>-18.5) have significantly lower FUV surface 
brighnesses. Thus they cannot be placed in front of Abell 
2246 so that both their diameters and magnitudes scale to 
the observed values. Nearly all elliptical galaxies {e.g. all 
in Virgo) as well as a large fraction of spirals {e.g. M81 
and NGC 2903) are eliminated; high-luminosity objects 
which are allowed by this criterion must have DM>37.5, 
within a factor of 3 of the distance of Abell 2246. 

The strongest argument against foreground interlop- 
ers, however, is the rarity of field galaxies, based on the 



very low frequency of any extragalactic FUV sources seen 
in this (1520A) bandpass in the complete UIT Astro-2 
dataset. This bandpass excludes light long ward of I8OOA 
and is therefore not sensitive to stellar populations char- 
acterized by stars cooler than Te//=9000K, as discussed 
below. Astro-2/UIT imaged 42 40-arcmin diameter ex- 
tragalactic fields (that is, with |6| >^30° and exclud- 
ing large foreground objects such as Galactic clusters and 
Local Group galaxies) with exposure times longer than 
1000 seconds, with a conservative limiting magnitude of 
m(FUV)~18.5. This image set was searched at the po- 
sitions of all known extragalactic o b jects from the cata- 
logs of |de Vaucouleurs et al. 1991 , Paturel et al. 1989 , 



Huchra et al. \995\ [Nilson 1973| , Veron-Cetty & Veron 
1996, and the IRAS Point Source Catalog. After exclud- 
ing each field's principal target and 9 known Coma Clus- 
ter members, a total of 16 objects were found and identi- 
fied. Therefore, the rate of detection of serendipitous but 
catalogued FUV sources is about 0.4 objects per 40 ar- 
cmin UIT field, or 0. 1 objects per (20-arcmin) Abell 2246 
field, to m(FUV)=18.5. We use the mid-UV (-2000A) lu- 



minosity function of Milliard et al. 1992 for background 
galaxies to scale by 1 .2 magnitudes to our Abell 2246 field 
limit of m(FUV)=19.7, obtaining 0.6 possible foreground 
or background object per Abell 2246-sized field, com- 
pared with five detected objects. Hence, the extreme rarity 
of serendipitous extragalactic FUV sources strongly sup- 
ports identifying these objects as members of Abell 2246. 

Figure ^ shows ~1' subimages of the five sources in 
Table ^identified here as galaxies at the distance of Abell 
2246. The subimages, in the V, MUV and FUV bands re- 
spectively, have the the same orientation as Figure |l]. The 
objects are clearly not point sources, although the amount 
of morphological information available from the images is 
limited. 

Assuming a distance modulus of 39.8 mag (based on 



z=0.225; Struble & Rood 1987), we determine absolute 



FUV magnitudes (corrected for Galactic foreground ex- 
tinction using E(B-V)=0.03 and th e extinction law of 
Cardelli, Clayton, and Mathis 1988 ) in the range from - 
21.4 to -20.4 (Table |4|). A (FUV-V), FUV color mag- 
nitude diagra m for Abell 2246 g alaxies and well-known 
local objects ( Fanelli et al. 1998 ) is shown in Figure ^j. In 
this and subsequent plots all observations have been cor- 
rected for Galactic foreground extinction. (Note that while 
the color error bars from Table ^ would be a large frac- 
tion of the plot's color scale, the plot's entire range covers 
only the colors of stellar spectral types B9 through early A, 
showing the leverage of the FUV bandpass in this spectral 
range.) The effect of K corrections is shown by arrows. 
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Fig. 2. — Subimages of the five sources 3,5,6,7 and 8 in Table || which we identify in this work as galaxies at the distance of 
Abell 2246, in the FUV (left) MUV (center) and V (right) bands respectively. Orientation is the same as in |l|, and the angular 
scale is shown by a 10" bar The distance and surface brightnesses of the galaxies limit morphological information in the 
images, although the objects are clearly not point sources. 
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Table 4 

Intrinsic FUV Properties of Abell 2246 Galaxies 



Source M(FUV) FUV-V MUV-V SFR 



3 -21.20 0.28 0.49 2.9 

5 -21.44 -0.16 0.36 3.7 

6 -20.43 0.49 0.75 1.4 

7 -21.06 0.16 0.64 2.6 

8 -20.62 -0.36 0.13 1.7 



'"After correction for Galactic foreground (E(B-V)=0.03) and D.M.=39.8 



which display the changes in (FUV-V) color and FUV 
magnitude obtained by redshifting representative galaxy 
and starburst spectra. To compute these vectors we have 
used the template spectra of Kinney et al. 1996, which 
provide spectral information across the wavelength range 
from 1200 to 10000 A. (In this paper we use "K correc- 
tion" to mean a transformation to rest-frame quantities, 
and "redshift correction" to mean its inverse, a transfor- 
mation to observed quantities). The vectors shown are the 
redshift corrections (z=0.225) of the Sc galaxy template, 
the mean redshift correction of the Sb and Sc galaxy tem- 
plates, and the mean redshift correction of starburst tem- 



plates of all internal reddenings, of Kinney et al. 1996 



(These redshift correction vectors are intended to show 
displacements only; their locations are arbitrary). The 
observed cluster galaxies evidently have color-magnitude 
loci which lie within the range of luminous blue local ob- 
jects. However, K corrections are significant. For exam- 
ple, if all the Abell 2246 objects are Sc galaxies, some are 
intrinisically brighter in the FUV than MlOl, a luminosity 
class I Sc. 

Figure ^ compares the (MUV-V, FUV-V) colors of 
Abell 2246 galaxies with the integrated colors of local 
galaxies (labelled). The Abell 2246 objects, observed at 
z=0.225, have slightly redder FUV-V colors than the rest- 
frame values of the bluest star-forming systems that are 
plotted here. For comparison, the colo rs of individual an- 
nuli fromM33 and M74 (c/Figure 7 in pornettefa/. 1994 
form a linear distribution that runs approximately from the 
locations of NGC1404 to NGC2993 on this plot, with col- 
ors from the outermost regions of these galaxies near those 



■d 

3 

'S 



> 

P-( 



< 



-22 



-21 



-20 



-19 



-"MlOl 



• Abell 2246 galaxies 
o Local galaxies 



•5 „ OmIOO 
°N4038/9 ,3 
•7 

°M51 



Rest frame 




Sa,Sb Starburst 
Template Redshift Corrections 



-0.5 



0.0 

(FUV-V) Color 



0.5 



Fig. 3. — A (FUV-V), V color absolute-magnitude dia- 
gram for Abell 2246 (filled circles) and well-known lo- 
cal objects (open circles, labeled). All observations have 
been corrected for Galactic foreground extinction. (Note 
that while the color error bars from Table Q are a large 
fraction of the plot's color scale, the plot's entire range 
covers only the colors of stellar spectral types B9 through 
early A, showing the leverage of the FUV bandpass in this 
spectral range.) Without redshift corrections, the observed 
cluster galaxies have FUV colors and magnitudes which 
lie within the range covered by local objects. Redshift- 
correction vectors for template spectra of Sa and Sb galax- 
ies (averaged), starbursts with a range of internal redden- 
ings (averaged), and Sc galaxies are also shown; appro- 
priate redshift corrections are evidently significant. The 
vectors are intended to show displacements only; their lo- 
cations are arbitrary. 
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ofNGC2993. 

Figure ^ compares the (MUV-V,FUV-V) colors with 
data from the individual template galaxy and population 
spectra of [Kinney et al. 1996} , also shown as averages in 
Figure pi (This Figure has error bars appropriate for Fig- 
ures ^^and^). The template spectra are constructed from 
composites of ground-based and lUE spectra of individual 
galaxies made through apertures matched to the ^ 10x20 
" large lUE aperture. The colors plotted, from upper left to 
lower right, range from those of composite starburst galax- 
ies with small (E(B-V)<0. 1) to large (E(B-V)-0.5) inter- 
nal reddening as measured by Balmer decrements, through 
galaxies of increasingly earlier ("Sc, Sb, Sa, SO, E") type, 
to those of a bulge ("B") population. Each template color 
is plotted as viewed in its rest frame (diamonds) and red- 
shifted to z=0.225 (crosses). The template starburst and 
Sc colors as well as the observed galaxy colors are in good 
agreement with bluer examples from the same bands from 
disk annuli in the local spiral galaxies M74, M81, and 
M33 dCornett ef g/. 1994 ). 

We have also computed and redshifted the spectral en- 
ergy distri butions (SEDs) of selecte d stellar population 
models of Bruzual & Chariot 1993 , shown in Figure |[ 
The lower pair of curves shows single-burst star-formation 
models (that is, which have no star formation after age 
^ 0), having solar metallicity, an initial mass function 
(IMF) slope of -1.35, and a range of ages. The evolution- 
ary tracks of those models as viewed in their rest frame 
(diamonds) and with a redshift of z=0.225 (crosses) are 
shown, along with the colors of the observed cluster galax- 
ies (filled circles). The model starbursts shown range from 
age 0.1 Gyr (upper left of the diagram) to 0.6 Gyr (lower 
right) in ^0.1 Gyr increments. Evidently the observed 
galaxies are ^1 mag bluer in (FUV-V) than redshifted 
single-burst models of the observed (MUV-V). 

The upper pair of curves in Figure ^ shows the effect of 
longer-term evolution. Those curves display colors from 
a decaying continuous star-formation model of Bruzual & 
Chariot 1993, with a star formation decay rate time con- 
stant of r=l Gyr, with age increasing from ^0 to 6 Gyr 
from upper left to lower right. This model, which con- 
tains both younger and older stars than single-burst mod- 
els, produces (FUV-V) colors which are up to ~0.7 mag 
bluer than observed galaxies in Abell 2246, for the ob- 
served (MUV-V). 

The models' behavior in the color-color plane of Fig- 
ure ^ may be explained as follows. For any reasonable 
IMF, the UIT FUV bandpass is dominated by the hottest 
main sequence stars. Redshifting the spectrum to z=0.225 
accentuates this, shifting the effective bandpass of obser- 



vation to shorter A (1060- 1460 A). Therefore the evolu- 
tion of FUV flux, and (FUV-V) color, tracks changes in 
the total flux of the hottest main sequence stars. This is 
borne out in the "Decaying SFR" models: both the rest- 
frame and redshifted colors are evenly spaced with time 
in (FUV-V), showing a simple power-law decrease. This 
behavior reflects the exponential fall-off in numbers of 
the hottest stars with decaying star formation rate. The 
color decay is nearly linear in this log-log plot because 
radiation at shorter (K-corrected) wavelengths selects the 
hottest stars even more stringently than the uncorrected 
bandpass. Single-burst models become redder in (FUV- 
V) more rapidly than "Decaying SFR" models, because 
the upper end of the decaying main sequence becomes 
cooler and redder, not just less populous. The bend in 
the evolutionary curve of the single-burst models, which 
strongly resembles the locus of the colors of stellar at- 
mospheres of a wide range of temperatures in this plane, 
is caused by the rapid fall-off of sensitivity of the FUV 
bandpass to cooler stars: at about Toff = 9000K, the 
peak of those stars' UV continuum moves longward of 
the FUV long-wavelength cutoff at ~1800A. Stars much 
cooler than this contribute significantly to MUV flux, but 
not to FUV. The location of the observed objects at signifi- 
cantly bluer (FUV-V) than redshifted single-burst models 
implies the existence of star formation more recent than 
the burst's age (~400-500Myr) in the observed galaxies. 

The effects of redshift in Figure ^ are of special interest. 
For SEDs with current star formation and therefore a sig- 
nificant hot-star component, correction to z=0.225 moves 
the models to bluer colors in both (FUV-V) and (MUV- 
V), upward along the aging line. In such SEDs both the 
FUV and MUV flux increase relative to V with redshift as 
more of the rising part of the hot-star continuum is shifted 
into those bandpasses. This is opposite to the cases of the 
templates (Figure |]) and single-burst models, whose SEDs 
lack any contributions from the hottest stars. 

The filled diamond symbols represent the rest-frame 
colors of models of 10-Gyr -old stellar populatio ns with 
different SFR decay times ( |Cornett et al. 1994 ). They 
simulate a galaxy with a long history of star formation 
as well as strong current star formation, and may be used 
to constrain the time dependence of that star formation. 
Since these model SEDs contain important contribution 
from the hottest stars, redshift corrections will move their 
colors upward and to the left along their locus, shorten- 
ing their apparent SF decay timescale. After this redshift 
correction, models consistent with Abell 2246 galaxy col- 
ors have star formation decay timescales of 3 Gyr< r <5 
Gyr The models are still ~0.5 mag too blue in (FUV-V); 
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however, adding single-burst models with late A stars as 
their brightest component will add V and MUV flux, but 
not FUV. 

From the above discussion it is evident that a combi- 
nation of past star formation, as represented by single- 
burst models, and current star formation, as included in 

can produce the 



the models of Bruzual & Chariot 1993 



colors observed in Abell 2246. The 10-Gyr-old decaying- 
SFR population with 3 Gyr< r <5 Gyr overestimates the 
proportion of current star formation, with resulting (FUV- 
V) colors that are too blue. Conversely, a single-burst pop- 
ulation of age --400-500 Myr is too red in (FUV-V), and 
implies that more recent star formation is required. We 
conclude that the observed Abell 2246 galaxies a) are UV- 
luminous, with some as bright in the FUV as MlOl, de- 
pending on the assumed spectrum and resulting redshift 
correction, b) have FUV-V colors that show clear evi- 
dence of the flux of relatively young (<100 Myr) stellar 
populations, and are undergoing significant current star 
formation; but c) like observed late-type spiral galaxies, 
probably require flux contributed by stars of a range (up to 
> 400 Myr) of ages. 

This mixture of populations is like that of the ob- 
jects k nown as "E-hA" or "po ststarburst" galaxies identi- 
fied by pressler & Gunn 198 1 . Spectra of these objects are 
thought to show evidence of recent (10^-10^ yr preceding 
the rest-frame epoch), vigorous star formation which has 
since decreased dramatically. |^iu & Green 1996 model 
optical-band spectrophotometry of eight such objects hav- 
ing 0.088<z<0.545. Their models are constructed from 
a hnear combination of two spectral components: a com- 
posite spectrum of either an E/SO or Sbc galaxy template; 
and a starburst with an age in the range 10^ to 2 x 10^ yr. 
Figures || and || show that it is likely that such a combi- 
nation would produce UV colors like those of Abell 2246 
galaxies as well. The red colors of all templates except 
the "Sc" example in Figure ^ compared to those of Abell 
2246 galaxies, make it clear that a late-type underlying 
galaxy is required to model these FUV-bright objects. 

The current FUV flux, a direct tracer of massive stars 
and therefore of recent star formation, permits estimating 
rates for formation of massive (M > 5 Mq) stars. Fol- 
lowing l^equeux et al. 1981 , we use stellar evolutionary 



models of Schaller et al. 1992, Schaerer et al. 1993, and 



harbonnel ef g/. 1993| with the st ellar atmosphere mo dels 



of |Kurucz[ For comparison with [Donas et al. 1990 



selected IMF is a two-component power law with a break 
at M=1.8 M0, with low-mass slope -0.6 and high-mass 
slope -2.5. For simplicity we use a model with constant 
star formation, which has constant UV flux after 100 Myr 



(Landsman, personal communication), so our integration 
times are chosen to be 300 Myr This model allows us to 
approximate the star formation rate as a function of the 
FUV (1520A) luminosity as 



SFR- 



Ll5 



4.46 X 1039 



Meyr' 



This expression gives good agre ement with other m od- 
els having similar assumptions (c/ Donas et al. 1990 ), in 
view of the uncertainties present in the approach. Star 
formation rates computed from this expression for Abell 
2246 galaxies, ranging from 1.4 to 2.9 MqJT^^, are given 
in Table ^ These values are lower limits for actual SFRs, 
since extinction will decrease the apparent ii52o values. 
The expected redshift correction for current star formation 
rates at z=0.225, as discussed below, is small. 

Only a few nearby clusters of galaxies have been ob- 
served in any ultraviolet bandpass. Donas et al. 1991 and 
Donas et al. 1995 discuss ~20" resolution images of a 



local benchmark, the Coma cluster, in a bandpass ~150A 
wide centered at ^2000A, deriving a UV luminosity func- 
tion including 254 galaxies. It is particularly straightfor- 
ward to compare their observations with our MUV pho- 
tometry of Abell 2246 galaxies, because the central wave- 
lengths of the bandpasses in the clusters' rest frames are 
nearly equal (1955 A for ponas et al. 1991 observations 
of Coma vs 2033 A for our MUV bandpass at Abell 2246) 
and both observations contained the entire clusters in their 
respective fields of view. 

Assuming a distance modulus of 34.8 for Coma based 
on z = 0.023 ( Thompson & Gregory 1980) we use the 
MUV luminosity function of Donas et al. 1991 to deter- 
mine that Coma, at the distance of Abell 2246, would have 
^12 UlT-detected galaxies given our limit of m(MUV)^ 19.9. 
A small richness correction derived by scaling the abso- 
lute numbers of Abell 2246 galaxies and Coma galaxies 
modifies the number of Coma galaxies seen at the Abell 
2246 distance to be ~13-14. This result is consistent with 
the MUV data for Abell 2246: while only 5 Abell 2246 
galaxies are uniquely detected and identified because of 
the confusion due to multiple sources, many more are ap- 
parent in the image. Large numbers of detectable MUV 
sources are present in the UlT MUV image of Abell 2246 
because the MUV bandpass, sensitive to stars as late in 
spectral type as F, detects bright elliptical galaxies as well 
as those with current star formation. 

The number of FUV-bright galaxies in Abell 2246 is 
apparently higher than in the Coma Cluster, however. We 
may make that comparison using UlT Astro-2 FUV obser- 
vations (1900 sec exposure time; detection limit m(FUV)'--^19.0) 
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of a field containing the central ^ 40' of the Coma clus- 
ter. The two brightest galaxies in the UlT field, NGC4858 
and IC4040, have UIT-determined m(FUV) of 14.65 and 
14.70, respectively. Both are spirals and IRAS sources, 
and are among the six brightest Coma galaxies in the 
MUV according to ponas et al. 1991 . These two galax- 
ies, at the distance of Abell 2246, would have m(FUV) 
of 19.65 and 19.70 respectively-slightly fainter than the 
faintest observed Abell 2246 galaxy. Taking into account 
the redshift correction to z=0.225 depends critically on 
stellar content. SEDs with significant young stellar pop- 
ulation (e.g. upper curves in Figure |g) have essentially 
unchanged FUV flux (\Am{FUV)\ <0.1), while SEDs 
without the youngest stars become 0.8-1.0 magnitudes 
fainter at z=0.225. In either case, these two galaxies would 
be fainter than detected Abell 2246 galaxies. 

We also compare estimates derived from MUV ob- 
servations of the entire Coma cluster by Donas et al. 
1991. Coma's MUV luminosity function shows only 
1 galaxy, NGC 4848 at m(MUV)=13.8, brighter than 
m(MUV)=14.6. (NGC 4848 and other brighter mem- 
bers were outside the UIT Coma field of view). If we 
assume NGC4848 to have FUV flux and colors indicat- 
ing significant recent star formation, then (FUV-MUV)^ 
—0.5, and the FUV redshift correction is small, result- 
ing in m(FUV)=18.2-18.4, 0.3 mag brighter than any 
AbeU 2246 galaxy. If we assume NGC4848 to have the 
colors of normal spiral galaxies, then (FUV-MUV)^O.O, 
and NGC4848 at Coma would have, after redshift cor- 
rection, m(FUV) = 19.6-19.8, approximately equal to the 
faintest observed Abell 2246 galaxy. A FUV measure- 
ment of NGC4848 would resolve this ambiguity; in either 
case NGC4848 is the only Coma galaxy that is possibly 
brighter in the FUV, and all others are certainly fainter, 
than Abell 2246 galaxies. It is noteworthy that the ra- 
dial distribution within the cluster of identified Abell 2246 
FUV sources is similar to Coma's distribution of MUV 



sources ( ponas et al. 1995| ), with 3 of 5 Abell 2246 galax- 
ies at a radius ^0.33 of the Abell radius (though the statis- 
tics are inadequate). 

The rarity of FUV-bright Coma cluster galaxies is ev- 
idence that Abell 2246 has undergone significantly more 
recent star formation than Coma (which nonetheless shows, 
in its MUV characteristics, evidence of star formation 



within the past 1 Gyr; c/ Donas et al. 1995 ). This compar- 
ison is relevan t to the Butcher-Oemler effect (Butcher & 
Oemler 1978; Butcher & Oemler 1984) wherein clusters 



are found to contain fractions of blue galaxies (as deter- 
mined by restframe (B-V)) which increase with redshift. 
The FUV-bright galaxies in Abell 2246 directly show high 



rates of star formation ~1.2 Gyr ago at z=0.225, which 
are not present to the same extent at more recent times 
and smaller redshifts in Coma. FUV data uniquely con- 
firm the nature and scope of this star formation; additional 
FUV imaging of clusters such as Abell 2246 with higher 
sensitivity and finer resolution will be be vital in bridging 
the gap between the local neighborhood and the distant 
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Fig. 4. — A comparison of the (MUV-V,FUV-V) colors 
for Abell 2246 galaxies (filled circles) with those derived 
from total magnitudes of observed local galaxies (open 
circles, labelled). All objects are corrected for foreground 
extinction; the potential effect of internal "screen" red- 
dening for E(B-V)=0. 1 for Galactic and SMC extinction 
laws is shown by arrows. Abell 2246 galaxies observed 
at z=0.225 have slightly redder FUV-V colors values than 
the rest-frame colors of the bluest star-forming systems 
that are plotted here. 
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Fig. 5. — A comparison of the Abell 2246 data from 
Figure ^ with observation-based template galaxy spec- 
tra. Diamonds, from upper left to lower right, are the 
rest-frame colors of starbursts with small (E(B-V)<0.1) 
to large (E(B-V)~0.5) internal reddening, through galax- 
ies of increasingly earlier ("Sc, Sb, Sa, SO, E") type, to 
those of a bulge ("B") population. Template colors are 
also plotted as redshifted to z=0.225 (crosses), connected 
to corresponding rest-frame template colors. Error bars 
shown here are appropriate for all color-color diagrams in 
this paper. 
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Fig. 6. — The observed MUV-V, FUV-V color-color data from 
Figure ^ displayed with the rest-frame (diamonds) and redshifted 
(crosses) evolutionary tracks of selected stellar population mod- 
els. All models have IMF slopes -1.35. The lower pair of 
model curves represent aging single-burst star formation, with 
ages ranging from age .1 Gyr (in the upper left of the diagram) 
to 0.6 Gyr (lower right) in ~0. 1 Gyr increments. The upper pair 
of curves is a continuous-star-formation model, with a star for- 
mation rate which decreases exponentially with time constant 
r=l Gyr, and ages from ~0-6 Gyr in 1 Gyr increments. The 
observed galaxies show strong evidence of recent (<400 Myr) 
star formation. Both rest-frame and redshifted model colors are 
evenly spaced with time in (FUV-V), showing a simple power- 
law increase to redder color values. This reflects the exponential 
fall-off in numbers of the hottest stars (which dominate the FUV 
bandpass) caused by the decaying star formation rate; the strictly 
straight-line relationship of the redshifted model is caused by the 
bluer bandpass of observation which samples only extremely hot 
stars. The filled diamond symbols represent the rest-frame colors 
of models of 10-Gyr-old stellar populations with different SFR 
decay times, simulating a galaxy with a long history of star for- 
mation. After redshift correction, the best model for Abell 2246 
galaxy colors evidently has star formation decay timescales of 3 
Gyr< T <5 Gyr. This results in models which are ~0.5 mag 
too blue in (FUV-V); however, the single-burst model loci show 
that contributions from a single recent burst can add MUV and 
V flux without significant FUV. 
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